Abstract: This study presents the numerical simulations to investigate the effects of the magnetic field parameter, Modified Forchhemier number, Prandtl number, Modified Darcy number, the Local Grashof number, the Dufour number and the Schmidt number on steady two-dimensional, laminar, hydromagnetic flow with heat and mass transfer over a semi-infinite, permeable inclined plate in the presence of thermophoresis and heat generation is carefully considered and equipped numerically. A similarity transformation is used to shrink the governing nonlinear partial differential equations into ordinary differential equations. The obtained locally similar equations are then solved numerically by applying Nachtsheim-Swigert shooting iteration technique with sixth-order Runge-Kutta integration scheme. Comparisons with previously published study are performed and the results are found to be in very good agreement. Numerical results for the dimensionless velocity, temperature and concentration profiles are reported graphically as well as for the skin-friction coefficient, wall heat transfer and particle deposition rates are investigated for an assortment of values of the parameters inflowing into the problem.
INTRODUCTION
In recent years, the problems of free convective and heat transfer flows through a porous medium under the influence of a magnetic field have been attracted the attention of a number of researchers because of their possible applications in many branches of science and technology, such as its applications in transportation cooling of re-entry vehicles and rocket boosters, crosshatching on ablative surfaces and film vaporization in combustion chambers. On the other hand, flow through a porous medium have numerous engineering and geophysical applications, for example, in chemical engineering for filtration and purification process; in agriculture engineering to study the underground water resources; in petroleum technology to study the movement of natural gas, oil and water through the oil reservoirs. In view of these pragmatic applications, many researchers have studied MHD free convective heat and mass transfer flow in a porous medium; some of them are Raptis and Kafoussias (1982) and Kim (2004) .
Thermophoresis is the expression describing the fact that small micron sized particles suspended in a non-isothermal gas will acquire a velocity in the direction of decreasing temperature. The gas molecules coming from the hot side of the particles have a greater velocity than those coming from the cold side. The faster moving molecules collide with the particles more forcefully. This difference in momentum leads to the particle developing a velocity in the direction of the cooler temperature. The magnitudes of the thermophoretic force and velocity are proportional to the temperature gradient and depend on many factors akin to thermal conductivity of aerosol particles and carrier gas. They also depend on the thermophoretic coefficient, the heat capacity of the gas and the Knudsen number. The velocity acquired by the particles is called the thermophoretic velocity and the force experienced by the suspended particles due to the temperature gradient is known as the thermophoretic force. Thermophoresis causes small particles to set down on cold surfaces. The widespread example of this phenomenon is the blackening of glass globe of kerosene lanterns, chimneys and industrial furnace walls by carbon particles. Corrosion of heat exchanger, which reduces heat transfer coefficient and fouling of gas turbine blades are other examples of this phenomenon. Thermophoresis principle is utilized to manufacture graded index silicon dioxide and germanium dioxide optical fiber preforms used in the field of communications. Thermophoretic deposition of radioactive particles is considered to be one of the essential factors causing accidents in nuclear reactors. Maxwell (Kennard, 1938) first investigates the physical process responsible for thermophoresis while explaining the radiometric effect. Goren (1977) studied thermophoresis in laminar flow over a horizontal flat plate. He found the deposition of particles on cold plate and particles free layer thickness in hot plate case. Thermophoresis of particles in a heated boundary layer was studied by Talbot et al. (1980) . Thermophoresis phenomenon has many pragmatic applications in removing diminutive particles from gas streams, in determining exhaust gas particle trajectories from combustion devices and in studying the particulate material deposition on turbine blades. It has been established that thermophoresis is the foremost mass transfer mechanism in the Modified Chemical Vapor Deposition (MCVD) progression as currently used in the fabrication of optical fiber preforms. Blasius series solution has been sought by Homsy et al. (1981) .Thermophoresis in natural convection for a cold vertical surface has been studied by Epstein et al. (1985) . The thermophoretic deposition of the laminar slot jet on an inclined plate for hot, cold and adiabatic plate conditions with viscous dissipation effect were presented by Garg and Jayaraj (1988) . Jia et al. (1992) studied the interaction between radiation and thermophoresis in forced convection laminar boundary layer flow. Chiou and Cleaver (1996) analyzed the effect of thermophoresis on submicron particle deposition from a forced laminar boundary layer flow on to an isothermal moving plate through similarity solutions. Only just, Selim et al. (2003) premeditated the effect of thermophoresis and surface mass transfer on mixed convection flow past a heated vertical flat permeable plate. The study of heat generation or absorption effects in moving fluids is important in view of quite a few physical problems such as fluids undergoing exothermic or endothermic chemical reactions. In addition, natural convection with heat generation can be applied to combustion modeling. In light of these applications, Moalem (1976) studied the effect of temperature dependent heat sources taking place in electrically heating on the heat transfer within a porous medium. Vajrevelu and Nayfeh (1992) reported on the hydromagnetic convection at a cone and a wedge in the presence of temperature dependent heat generation or absorption effects. Chamkha (1999) studied the effect of heat generation or absorption on hydromagnetic three-dimensional free convection flow over a vertical stretching surface. Rahman and Sattar (2006) studied the effect of heat generation or absorption on convective flow of a micropolar fluid past a continuously moving vertical porous plate in existence of a magnetic field. Very recently, Alam et al. (2007) studied the similarity Solutions for hydromagnetic free convective Heat and mass transfer flow along a semi-infinite permeable inclined flat plate with heat generation and thermophoresis. Therefore; the objective of this study is to consider the effects of different parameters which are entering into the fluid flows in the presence of heat generation and thermophoresis on steady, laminar, hydromagnetic, two-dimensional flow with heat and mass transfer along a semi-infinite, permeable inclined flat surface.
MATHEMATICAL FORMULATION
Regard as the steady, laminar, hydromagnetic united heat and mass transfer by natural convection flow along a continuously moving semi-infinite permeable plate that is inclined with an acute angle ߙ from the vertical. With ‫ݔ‬ −axis deliberated along the plate, a magnetic field of uniform strength ‫ܤ‬ is applied in the ‫ݕ‬ direction which is normal to the flow direction. Fluid suction is imposed at the plate surface. A heat source is positioned within the flow to allow for probable heat generation effects. The fluid is assumed to be Newtonian, electrically conducting and heat generating. The temperature of the surface is held uniform at ܶ ௪ which is higher than the ambient temperature ܶ ∞ . The species concentration at the surface is maintained uniform at ‫ܥ‬ ௪ , which is taken to be zero and that of the ambient fluid is assumed to be ‫ܥ‬ ∞ . The effects of thermophoresis are being taken into account to help in the understanding of the mass deposition variation on the surface. We further assume that:
• The mass flux of particles is sufficiently small so that the main stream velocity and temperature fields are not affected by the thermophysical processes experienced by the relatively small number of particles • The magnetic Reynolds number is assumed to be small so that the induced magnetic field is negligible in comparison to the applied magnetic field • The fluid has constant kinematic viscosity and thermal diffusivity and that the Boussinesq approximation may be adopted for steady laminar flow • The particle diffusivity is assumed to be constant and the concentration of particles is sufficiently dilute to assume that particle coagulation in the boundary layer is negligible • Due to the boundary layer behavior the temperature gradient in the ‫ݕ‬ direction is much superior than that in the ‫ݔ‬ direction and hence only the thermophoretic velocity component which is normal to the surface is of significance, Under the above assumptions, the governing equations (Selim et al., 2003; Chen (2004) for this problem can be written as:
Momentum equation:
Energy equation:
Diffusion equation: The appropriate boundary states of affairs for the above model are as follows:
where, ܷ is the uniform plate velocity and ‫ݒ‬ ௪ ሺ‫ݔ‬ሻrepresents the permeability of the porous surface where its sign indicates suction (> 0) or blowing (> 0).
Here we lock up our attention to the suction of the fluid through the porous surface and for these we also consider that the transpiration function variable ‫ݒ‬ ௪ ሺ‫ݔ‬ሻis of the order of ‫ݔ‬ ି భ మ . The effect of thermophoresis is usually prescribed by means of an average velocity that a particle will acquire when exposed to a temperature gradient. For boundary layer analysis it is found that the temperature gradient along the plate is much minor than the temperature gradient normal to the surface, i.e.,
. So the component of thermophoretic velocity along the plate is trifling compared to the component of its normal to the surface. As a result, the thermophoretic velocity ܸ ் , which appears in Eq. (4), can be written as:
where, ߢ is the thermophoretic coefficient which ranges in value from 0.2 to 1.2 as indicated by Batchelor and Shen (1985) and is defined from the theory of Talbot et al. (1980) by:
where, ‫ܥ‬ ଵ , ‫ܥ‬ ଶ , ‫ܥ‬ ଷ , ‫ܥ‬ , ‫ܥ‬ ௦ , ‫ܥ‬ ௧ are constants, ߣ and ߣ are the thermal conductivities of the fluid and diffused particles, respectively and ‫݊ܭ‬ is the Knudsen number. A thermophoretic parameter ߬ can be defined (Mills et al., 1984; Tsai, 1999) as follows:
In order to obtain similarity solution of the problem we introduce the following non-dimensional variables:
where, ߰ is the stream function that satisfies the continuity Eq. Here prime denotes the ordinary differentiation with respect to ߟ. Now substituting Eq. (9) in Eq. (2) to (4) we get hold of the following ordinary differential equations which are locally similar:
The boundary conditions (5) then turn into:
where,
is the dimensionless wall transfer coefficient such that ݂ ௪ > 0 indicates wall suction. The dimensionless parameters introduced in the above equations are defined as follows: The skin-friction coefficient, wall heat transfer coefficient (or local Nusselt number) and wall deposition flux (or the local Stanton number) are important physical parameters. These can be obtained from the following expressions:
where, ܴ݁ = బ ଶ௫ ఔ is the local Reynolds number.
NUMERICAL COMPUTATION
The set of nonlinear ordinary differential Eq. (10) to (12) with boundary conditions (13) have been solved numerically by applying Nachtsheim and Swigert (1965) shooting iteration technique (for detailed discussion of the method see Alam (2004) , Maleque and Sattar (2005) and Alam et al. (2006) along with sixth order Runge-Kutta integration scheme. A step size of ∆ߟ = 0. was selected to be satisfactory for a convergence criterion of 10 ି in all cases. The value of ߟ ∞ was found to each iteration loop by the statement ߟ ∞ = ߟ ∞ + ∆ߟ. The maximum value of ߟ ∞ to each group of parameters ‫,ܯ‬ ‫,ݎܩ‬ ‫,ݎܲ‬ ܵܿ, ܳ, ݂ ௪ , ߬ and ߙ determined when the value of the unknown boundary conditions at ߟ = 0 not change to successful loop with error less than 10 ି . In a shooting method, the missing (unspecified) initial condition at the initial point of the interval is assumed and the differential equation is then integrated numerically as an initial value problem to the terminal point. Comparing the calculated value of the dependent variable at the terminal point with its given value there then checks the accuracy of the assumed missing initial condition. If a difference exists, another value of missing initial condition must be assumed and the process is repeated. This process is continued until the agreement between the calculated and the given condition at the terminal point is within the specified degree of accuracy. For this type of iterative approach, one naturally inquires whether or not there is a systematic way of finding each succeeding (assumed) value of the missing initial condition. For a brief discussion of the Nachtsheim-Swigert shooting iteration technique, the readers may also consult the study of Rahman (2009) and Alam et al. (2006) . Thus adopting this numerical technique, a computer program was set up for the solutions of the governing non-linear ordinary differential equations of our problem with a sixth order Runge-Kutta method of integration.
Code verification: Table 1 presents a comparison of the local Stanton number obtained in the present study and those obtained by Alam et al. (2007) . It is clearly observed that very good agreement between the results exists. This provides the confidence in the present numerical method. In order to verify the effect of the integration step size ∆ߟ, we tested the code with three different step sizes namely ∆ߟ = 0.001, ∆ߟ = 0.002 ∆ߟ = 0.003 and Figure 1a -c, respectively; show the velocity, the microrotation and the temperature profiles for the three step sizes. The results for the three different step sizes are graphically indistinguishable. It was found that ∆ߟ = 0.002 provided sufficiently accurate results and further refinement of the grid size was therefore not warranted.
RESULTS AND DISCUSSION
Numerical calculations have been carried out for different values of ‫,ܯ‬ ܳ, ߙ, ‫,ݎܲ‬ ߬, ‫,ܽܦ‬ ‫,ݑܦ‬ ‫ݏܨ‬ ܽ݊݀ ݂ ௪ and for fixed values of ‫ݎܩ‬ and ܵܿ. The value of ‫ݎܲ‬ is taken to be 0.70 which correspond physically to air. Due to free convection problem positive large value of ‫ݎܩ‬ = 6 is taken which correspond to a cooling problem that is generally encountered in nuclear engineering in connection with cooling of reactor. The values of Schmidt number ܵܿ are taken for watervapour ሺܵܿ = 0.60ሻ. Figure 2a -c present typical profiles for the velocity, temperature and concentration for various values of the magnetic field parameter ‫,ܯ‬ respectively for a physical situation with heat generation and thermophoretic effect. The presence of a magnetic field normal to the flow in an electrically conducting fluid introduces a Lorentz force which acts against the flow. This resistive force tends to slow down the flow and hence the fluid velocity decreases with the increase of the magnetic field parameter as observed in Fig. 2a . From Fig. 2b we see that the temperature profiles enhance with the increase of the magnetic field parameter, which implies that the applied magnetic field tends to heat the fluid and thus reduces the heat transfer from the wall. In Fig. 2c , the effect of an applied magnetic field is found to decrease the concentration profiles and hence increase the concentration boundary layer.
In this regards the skin-friction coefficients The effect of the angle of inclination ߙ on the velocity field is shown in Fig. 3a . From this figure we As ߙ increases, the effect of the buoyancy force decreases because of the multiplication factor cos ߙ and the velocities decrease. Figure 3b shows the effect of ߙ in the temperature profiles. We observe that the angle of inclination ߙ strongly affects the temperature near the plate surface. Away from the plate, however, the temperature profiles are minimally affected by the angle of inclination and it is increases with the increase of ߙ. Figure 3c shows that as the angle of inclination increases, the concentration profile go up. In this gaze at, the skin-friction coefficients, local Nusselt number and the local , 80 respectively. From these investigations it can be articulate that the skin-friction coefficients (80.91%), local Nusselt number (4.28%) and the local Stanton number (9.59%) are decreases with the increases of ߙ from 0 to 80 .
In Fig. 4 we plotted the dimensionless velocity, temperature and concentration profiles showing the effects of the Dufour number ‫.ݑܦ‬ It can be seen that the velocity ݂ ′ and the temperature profile ߠ decreases while the concentration profile ߶ increases, when the Dufour number increases. The effect of Dufour number is stronger near the surface of the plate. As the Dufour number increases, viscous forces tend to suppress the buoyancy forces and cause the velocity in the hydrodynamic boundary layer to decrease. It is also observed that the maximum values of the velocity are 1.6514, 1.5850, 1.5154, 1.4496 and 1.3916 for ‫ݑܦ‬ = 0.0, 0.2, 0.4, 0.6 and 0.8 respectively and occur at ߟ = 0.47, 0.45, 0.428, 0.404 and 0.38, respectively. It is observed that the maximum velocity decreases by 15.73% when ‫ݑܦ‬ increases from 0.0 to 0.8. Figure 4b shows the effect of Dufour number on the temperature profiles. This figure reveals that the effects of the Dufour number on the hydrodynamic boundary layer are analogous to those found in the thermal boundary layer. Furthermore the maximum values of the temperature are observed to be 1.0 for all increasing values of Dufour number occurs at ߟ = 0. Figure 4c Figure 6c shows that as the Forchheimer number increases, the thermal boundary layer thickens and the concentration rise. The skin-friction coefficients, local Nusselt number and the local Stanton number are increases by 145, 5.03, 12%, respectively as ‫ݏܨ‬ increases from 0.0 to 0.80.We can depicted from this result that the effect of Forchhemier number on the skin-friction coefficient is greater than the effect of other parameters. Figure 7ܽ − ܿ, respectively, shows the velocity, temperature and concentration profiles for different values of suction parameter ݂ ௪ . From Fig. 7a we note that the velocity decreases with the increase of the suction parameter indicating that the suction tends to retard the convective motion of the fluid. It can also be seen that for cooling of the plate the velocity profiles decrease monotonically with increase of suction parameter indicating the usual fact that suction stabilizes the boundary layer growth. This effect is stronger near the surface of the plate. From Fig. 3b we see that temperature decreases with the increase of the suction parameter. As we move away from the plate, the effect of ݂ ௪ becomes more pronounced. Figure 3c reveals that the concentration in the thermal boundary layer increases with the increase of suction parameter. This is due to the fact that suction tends to speed up the velocity field, which in turn increase the heat transfer. This is manifested with higher concentration in the thermal boundary layer. The skin-friction coefficients decreases by 88.18% whereas local Nusselt number and the local Stanton number are increases by 5 and 53.90% respectively when ݂ ௪ increases from 0 to 2. 
CONCLUSION
In this study we have studied numerically the effects of thermophoresis and heat generation on hydromagnetic free convection heat and mass transfer flow past a continuously moving semi-infinite inclined permeable porous plate. The particular conclusions drawn from this study can be listed as follows:
• In the presence of a magnetic field, the fluid velocity is found to be decreased, associated with a reduction in the velocity gradient at the wall and thus the local skin-friction coefficient decreases. Also, the applied magnetic field tends to increase the wall temperature gradient and decrease the concentration gradient, which yield a decrease the local Nusselt number and the local Stanton number. For this study the same results are found by the effects of angle of inclination, Dufour number modified Darcy parameter and the modified Forchhemier number.
• For a suction parameter, the velocity, temperature profiles are decreases while the skin-friction coefficient and the concentration are increases.
• For a fixed magnetic field parameter, the local skin-friction was found to decrease whereas the local Nusselt and Stanton number was found to increase when the value of wall suction increases.
• As the heat generation parameter increases, both the velocity and thermal boundary layer increases whereas concentration boundary layer decreases.
• The effects of Prandtl number and heat generation parameter to this study are inversely proportional to each other.
• As the thermophoretic parameter ߬ increases up to 1.92, the surface mass flux also increases and velocity is dramatically decline when ߟ ≥ 0.5.
Finally it is hoped that the present study can be used as a vehicle for understanding the thermophoresis particle deposition on heat and mass transfer produced in steady, laminar boundary-layer flow past an inclined permeable surface in the presence of a magnetic field and heat generation.
